flux measurements, the average emission rates between 1988 and 1994 were 30 mg/m2/h for a growing season of between 100 and 120 days. This emission rate is comparable to other published data from similar rice fields but somewhat on the high side of the range. There were no systematic trends of emissions during the 7 years of our experiment, but there was substantial year to year variability. The data have been subjected to exhaustive analyses for validity, accuracy, and reliability. From this, a high-quality, spatially averaged data set has been constructed representing average emissions from the rice fields for each day when measurements were taken.
The region lies at the western edge of the monsoon belt characterized by warm, wet summers and cool, arid winters. Tall mountains to the north and west protect the basin from Arctic weather patterns, making it warmer in winter than other locations in China at the same latitude. Average total precipitation is about 900 to 1000 mm/yr; mean temperatures are about 26 øC in July and 5øC in January. There are nearly 300 frost-free days per year, which allows two to three crops to be grown in rotation. With its high humidity and cool surrounding mountains, the basin is famous for its fogs and has the lowest total solar radiation in China, with an annual average of less than 30% sunshine but up to 40% during summer [Zhao, 1986; Xu, 1991] .
The traditional method of soil classification in China is by color. The soil around Tu Zu is classified as "purple soil," characteristic of the Sichuan basin. It is formed from Cretaceous purple shales and red sandstone in the forests and washed down into the plain [Zhao, 1986 ; USSR Academy of Sciences, 1969]. The top soil at the Tu Zu site has been changed by continuous inundation and rice farming practices. Chemical and physical characterizations of the soil are given in Table 3 .
The map of the fields and sampling locations is shown in Figure 1 . The region has low hills and valleys. Our fields were located in one such valley with hills some 10 to 30 m high on three sides. These topographical conditions create a microclimate that is somewhat different from the prevailing conditions of the region. No high winds were recorded, for instance, and runoff occasionally caused high water in the fields. Under normal conditions, water level is kept at about 5 cm depth, but it is nearly drained before broadcast fertilization. The water is supplied by summer rains and the canals of the Dujiangyan irrigation system. Field  Sampling 1988  1989  1990  1991  1992  1993  1994   Point   I  1-2  4  4 There were no local sources of pollution at the site. The supply road passing near the fields was about 300 m away with a hill in between. The farmer's house was located near the fields, but the fields we selected were some distance downslope from the house. Occasional pollution from Leshan City may have come to the site, but its effect is not important for this study.
The fields we studied in Tu Zu grew one rice crop each year rotated with oil seed for the rest of the year. The oilseed crop is harvested in early spring, and the stubble is incorporated by plowing with oxen. Rice is planted in seedling beds toward the end of March. It is transplanted in the fields 3-4 weeks later. Harvests are usually in late August. We took our samples between the rice transplanting and harvest dates (see Table 2 ).
Field and Experimental Methods
This is fundamentally an observational study. It was designed to quantify decadal-scale methane emission rates from the fields we were studying and to identify the factors that affect emissions. An important principle was to study the normal spatial and interannual variability of methane emission rates by observing the fields under the prevailing agricultural practices. We exercised no control on the management of the rice fields. So, during the years of the experiment the farmer used different cultivars as available in the region and various amounts of available fertilizers.
The experimental design was developed to support an observational study and was flexible enough to detect and adapt to new observations and unexpected results. It includes the following four interrelated elements: (1) spatial and temporal sampling strategy; (2) sampling practices and design of field sampling equipment; (3) laboratory measurements of methane; and (4) simultaneous ancillary measurements and meta data to study the factors that affect methane emissions. These elements are described here and certain implications or additional theoretical investigations are discussed in subsequent papers. The four elements are optimized for the measurement of methane flux as best as it can be done within logistical and instrumental constraints. The design of this experiment is more or less the standard method used in all similar studies.
2.2.1. Spatial and temporal sampling strategy. The farmers usually plant two seedlings (or sometimes even three) in the same location. As these plants mature, they tiller and produce many stems. We refer to each of these "clumps" as a plant. We assumed that each plant is the main source of methane emission in the field. Smaller amounts are emitted from the surrounding water. Our working hypothesis was that there were two forms of spatial variability inherent in the system we were studying, one that affected emissions within a rice field and the other that could cause systematic differences of emissions between fields. Each field is treated uniformly and planted with uniform spacing among plants. Fertilizers are uniformly spread over the field. Here variability within the field arises from random variability of controlling processes at each plant. So each plant is assumed to emit methane at an average rate characteristic of the field with random variability superimposed, representing microscale differences in the environment. Spatial variability of methane emissions within the field is then assumed to be represented by the variability among plants. For this reason, random placement of the chambers is not needed. Since the spatial variability is driven by the variability of emissions from individual plants, spatial variability is equally well measured by many replicates of single plant fluxes. We took six replicates within a field to address this small scale random variability. The first year results made it clear that six replicates were enough and we could afford to reduce this number and still preserve the precision of the data to satisfy our needs (see Khalil et al., this issue, a) .
The cross-field variability could be thought of as more systematic than random. It addresses the fact that a different cultivar could be planted in an adjacent field, or that the previous crop in one field is different from the other field, leading to a different methane emission rate, or that the amount of fertilizer applied per hectare is different in one field relative to the other. These sorts of systematic differences between the treatment of side-by-side fields could cause systematic differences in the seasonally averaged flux from one field relative to another. We chose four fields close to each other for assessing this variability. The issue of local spatial variability is addressed by replicates of emissions within a field with assumed uniform treatment with respect to all relevant variables, and the cross-field variability is addressed by replicates of fields. The same plots and fields were used every year from 1988 to 1994. In some years, all six plots or all four fields could not be sampled.
2.2.2. Sampling practices and design of field sampling equipment. The plots were set up along the walkways between fields or to the sides of the fields. The plots were positioned 1-2 m into the fields to avoid possible edge effects on emissions. While the fields were being prepared for planting, we installed wooden boardwalks from the edge of the field to the sampling location. An aluminum frame was installed at the end of the boardwalk and kept in place from before the time that the rice was planted until after it was harvested. The frame had a collar that penetrated into the top soil, and it was attached to wooden stakes that penetrated into the hard clay below. These actions were designed to prevent the soil from being disturbed during the sampling processes. Disturbance or agitation of the soil can cause visible bubbling and release of methane that could contaminate the samples and invalidate the flux measurement. The top of the frame had a groove into which we could place our chambers and fill it (the groove) with water to seal the system. The dimensions of the square frame were 23.4 cm on the inside and 31 cm on the outside. The area of the rice fields that was exposed inside the chambers was 547.6 cm 2. The collar that penetrated into the top soil was 3 cm deep so that the entire vertical extent of the base (below soil to the top) was 6.3 cm. The chambers we used were translucent polyethylene 0.3175 cm thick. The base was a square 28.6 cm in length (inside) and the heights were 22.9 cm, 45.7 cm, 68.6 cm, and 88.9 cm, representing internal volumes of 5, 10, 15, and 20 gallons. As the rice plants grew, taller and taller chambers had to be used. Although a single large-sized chamber could have been used throughout, the use of graded volumes provided greater sensitivity for detecting low fluxes in the early stages of growth. The main reason for choosing these chambers was that they were of a convenient size to be carried back and forth from the sampling sites and to be shipped from our laboratory to China. Experiments conducted early on showed no detectable gradients of concentrations within the chambers when placed on the rice fields. Based on these results and the fact that these chambers were small and thus allowed good thermal mixing due to the warm surface enclosed, no fan was installed.
The chambers had a sampling port that consisted of a Teflon tube about 1.5 m long, attached at one end to the top of the chamber with a stainless steel assembly and equipped with a silicone rubber septum at the other end. A stainless steel tube extended below the sampling port and into the chamber. This ensured that samples were collected from the middle of the chamber. Samples were collected through the septum using 10 mL glass syringes with a 22 gauge needle. Tests showed that the concentrations of methane did not change in the syringes over several days, which is much longer than the actual time between sampling and sample analysis [Husin et al., 1995] .
In the last years of the experiment, we used large chambers in addition to the small chambers described here. The large chambers were constructed at our laboratory from readily available materials. The dimensions were base 140 cm x 140 cm and heights 57 cm and 114 cm. A fan is essential in these chambers because of the large volume within which there can be substantial gradients during the sampling times involved. These chambers were clear polyethylene plastic sheets supported by a frame made of 1.27 cm diameter polyvinylchloride (PVC) tubing. The sampling port arrangements were as before. The permanent base was a 10-cm (4-inch) PVC drain pipe cut longitudinally and installed in the rice field prior to the planting of rice.
Sampling protocol:
The following sampling and analysis procedures were followed: (1) The chamber was placed gently onto the aluminum groove. Every precaution was taken to prevent agitation of the soil or plants to avoid spurious emissions of methane. Four samples were drawn 3 min apart, using glass syringes. After the needle was inserted into the septum, the syringe was flushed with the air from inside the chamber before a sample was taken. The total time that the chamber remained on the rice plants is therefore 12-15 min. We kept this time as short as possible so as to minimize the disturbance to the plants. The short time also prevented any substantial temperature increases inside the chambers during the course of the experiment. (4) The syringes were marked and stored for analysis. Readings of the soil and air temperatures and the water level were taken at each plot. (5) At each field, duplicate syringe samples of ambient air were taken, and the wind speed and direction and sky conditions were recorded. The height of the plants was measured once a week. This process was repeated for all the fields and plots.
2.2.2.2. Sampling frequency: A sampling cycle was adopted that repeated every week. All plots were sampled in the morning of Monday. This took about 2-3 hours. On the next day, samples were collected from all plots in the late afternoon. This gave us a measure of the diurnal pattern of emissions. The third day was spent in analyzing the samples and recording the data on data sheets. This process was repeated for the fourth, fifth, and sixth days. The seventh day, Sunday, was a break, then the process 
Laboratory measurements of methane (sample analysis)
. Samples were analyzed using a Gow-Mac Model 69-350 gas chromatograph equipped with a flame ionization detector (GC/FID). This gas chromatograph was operated in a rented facility near the rice fields. The gas sample was injected through a 2-mL sampling loop and separated on a porapak N column (5-ft long x 1/8_inch outside diameter), with nitrogen as a carrier gas. The chromatographic operating conditions were column temperature 40 ø C, detector temperature 140 ø C, carrier gas flow rate 30 mL/min, hydrogen gas flow rate 25 mL/min, and compressed air flow rate 250-300 mL/min. High purity grade hydrogen and nitrogen gases were utilized. The gas chromatograph was calibrated to measure methane with high precision at our laboratory where the linearity of the signals was established up to 500 ppmv. The lower detection limit of the gas chromatograph was found to be about 9 ppbv, and the precision was determined to be about 0.8%. In the field, the gas chromatograph was calibrated after every 5-10 sample runs, using a standard of 1770 ppbv methane in air. The secondary standards used at the field sites in China were calibrated directly against the National Institute of Standards and Technology (NIST) primary standard SRM 1659A, maintained at our laboratory. The concentration of methane was calculated using an HP 3396A integrator connected to the gas chromatograph. The integrator measures the area under the methane chromatographic peak and converts it to a concentration by comparing the peak area to the peak area from an analysis of a standard with known concentration (issues related to the measurements are discussed further by Khalil 2.2.5. Exceptions to the standard procedures. The standard procedures are described above. During some years we had to accept departures from these procedures. This was because in some years specific parameters had to be tested requiring changes in procedures, there were occasional instrument failures, and in some years the full sampling could not be implemented because sufficient personnel time could not be purchased. The departures from the standard sampling protocols are noted here. In 1990, the instrument failed during the middle of the growing season, causing loss of data. We believe that the effect of this failure is not substantial for the calculated seasonally averaged fluxes but makes other calculations less certain. In 1991, only two fields were sampled with three plots in each field, constituting only 25% of the normal sampling protocol. Moreover, we took only three sequential samples for each flux measurement, instead of the usual four. The exposure time was about 9 min. Further analysis of the data show that taking only three measurements over 9 min leads to substantially higher variability of the estimated flux, loss of correlations between measurements taken at adjacent plots and the relationships between emissions and environmental factors. Based on the initial analysis of the data, the practice of taking only three samples per flux measurement was abandoned. Three measurements may in themselves not be the main deficiency of the sampling; instead, it may be that the shorter time over which the flux was measured that contributed to the greater variability (Khalil et al., this issue (a), has a more detailed analysis). Nonetheless, the seasonally averaged data are reliable even though the within-season patterns in the data are uncertain. In 1992, the sampling was extended to 16 plots. Two of the plots were in a new nearby field that was used only this year. There was no apparent difference between the new field (field 5) and the other fields, so data were pooled with field 4 for convenience. Also starting in 1992, we had one plot in each field with no plants, leaving 12 plots with plants. In 1993 and 1994 we increased the number of plots again and in the last year added large chambers, with the smaller chambers inside and outside the large ones. We also added sampling over 4 periods of the day to get a more accurate assessment of the diurnal variability and validate the previous data when only morning and late afternoon samples were collected. These modifications have different effects on different types of calculations based on these data. The seasonally averaged emissions from each field or the composite of all fields are not significantly affected. In 1995, the instrument failed after the first month of sampling and circumstances prevented a repair or replacement in time to complete the experiment. The few early data that were obtained in 1995 were found to be unreliable and were discarded from further analysis. 
Flux Calculations and Quality Assurance

Quality Assurance
Although we took many measurements, not all the experiments were successful. Some of the methods we adopted, of necessity as discussed earlier, contributed to the failure of some measurements. We use two criteria for selecting the experiments we consider to be successful. (1) The square of the correlation coefficient (r •) for the buildup of methane in the chambers was required to be greater than 0.9. This criterion has been used by others [$ass et al., 1992]. (2) We required that the time zero value of the regression of concentration with time, Co, is greater than the measured background concentration near the field. The first criterion, r • > 0.9, is based on the assumption that the flux of methane does not change over the short periods of time involved in the experiment (<20 min). The production of methane by biological processes takes place below the soil surface. This region is shielded from rapid changes in environmental conditions by the overlaying water and mud. Since samples were taken only when no work was being done on the field, we believe that rapid changes in flux over 3-min intervals, as in our experiment, should not occur, except as artifacts of the sampling or analytical processes. When such changes of flux are observed, they are reflected in the value of the correlation coefficient. Since we are dealing with only four sequential measurements, an r • of 0.9 is not an overly stringent criterion. By chance r 2 can be 0.9 or greater with a probability of 2.5%. In 1991 when only three measurements were taken to obtain the flux, the criterion increases to a 10% probability that accepted accumulation rates can be due to chance. The criterion still allows accumulation profiles that appear nonlinear to the eye.
The second criterion was designed to address a class of anomalous experiments that pass the first criterion. This class consisted of cases where the accumulation rate slows down substantially in time but not enough to reduce r 2 below 0.9. The second criterion tests for cases where there may have been a burst of methane in the first 3 min that may represent a disturbance of the system. The concentration of methane in the chamber at time zero (Co), as calculated using the regression formula, should be well above the background concentration near the field, since air from over the rice fields mixes into the chamber as it is placed on the base. Co is not directly measured in the experiments as the first sample is taken 3 minutes after the chamber is placed on the base. The methane concentrations over the rice fields are very much higher than near the fields away from the plants, as verified by experiments discussed later. When Co < C•, it implies that the first flux is anomalous relative to the later measurements. This criterion is not stringent, and only few additional experiments are eliminated by its application. In most cases, when this criterion is not met, the first criterion is also violated.
One case when r 2 would be small is if there was no flux. In that case, the low value of r 2 is not a reflection of a failed experiment but rather of an undetectably low flux. The use of this criterion, therefore, requires other information so as not to bias the results. In the case at Tu Zu, there is corroborative evidence of strong flux from many plots in the same fields and in adjacent fields at the same time as the values lower than 0.9 r 2 were observed. The failures of the experiments occurred often at times when high fluxes were being observed in the fields, as will be discussed later. In general, however, if the concentrations in the chamber are small and comparable to background levels, the r 2 is below the criterion value for all plots sampled at the same time, and the maximum concentration changes in the chamber are also small, then low r 2 values ar• most likely due to lack of flux rather than to failed experiments. Such was the case for many of our zero-plant plot experiments, to be discussed later.
We conducted a careful analysis of the failed experiments to understand the nature of the problems encountered so that we could improve the sampling procedures. Several classes of accumulation profiles were isolated. The possible causes of the failed experiments, in order of importance, appear to be (1) disturbance of the plants and soils, (2) poor mixing in the chambers, (3)saturation of instrument response, (4)clogging of the needle, and (5) experimenter errors.
In spite of our best efforts, it became apparent that the disturbance of the plants and hence the soil was a significant cause of failed experiments. When the initial concentration in the chamber was very high, and subsequent accumulation was variable, we concluded it was due to an initial disturbance of the soil when the chamber was installed.
This occurred more frequently towards the end of the growing season. When the rice plants were fully grown, and when there were four plants in the chamber, it was difficult to get the plants into the chamber. Placing the chamber gently over the plants was not possible, as the plants had to be gathered together and crowded into the chamber. When there were fewer plants inside the base, this problem was not as severe. Hence a high percentage of experiments with four plants in the chamber failed towards the end of the growing season. Poor mixing in the chambers could have contributed to some of the anomalous profiles we observed. In such cases, although the concentrations in the chamber are high, there is no systematic accumulation; or there is one high concentration in the sequence of the four measurements that disturbs the linearity of the response. Other anomalous profiles could also be explained by poor mixing conditions. In some cases, the concentrations in the chambers were so high that the GC/FID instrument did not accurately measure the high concentrations. Such cases are characterized by a "bending" of the accumulation curve with time. The rate of increase of methane in the chamber appears to slow down as the detector is saturated. Such profiles fail the lineafity tests, or the background test, and are eliminated by these criteria. This is an effect of small chamber volume and is discussed further by Khalil et al., this issue (a).
Although we believe that most of the failed experiments were due to the disturbance of the plants and poor mixing, in some cases other problems were noted either from the field notes or upon an examination of the data. Partial clogging of the needle on the syringe creates a profile where one of the four values is very low, while the other three lie on a straight line, reducing the r 2 below 0.9. In this case, as the needle is clogged, ambient air leaks into the syringe, causing low concentrations. We decided to eliminate data under such conditions, rather than recalculate the flux based on the three good measurements. Experimenter errors contributed to some failed experiments. In such cases the sequence of measurements was occasionally mislabeled or the time of the sample was not recorded accurately.
Based on these studies we retained only the data we consider to represent a correct flux measurement. Since we had taken a very large number of measurements, the elimination of failed experiments still leaves a large high quality database. The statistics of how much data passed the quality assurance criteria are listed in Table 4. This table shows that, on average, about 1/3 of the data did not pass the criteria; of this, most were eliminated by the correlation criteria, and the rest by the criterion related to the background concentration. Chambers with no plants tended to have very few cases when there is evidence of a flux (about 28% on the whole).
The small chambers created two problems specific to the size of the chambers. Taking flux measurements over very small areas captures fine spatial scale variability. While it is interesting to have a measure of this variability, it is a hinderance to the use of the data for estimating large scale emission rates representative of the fields. Second, the small chambers tend to get overcrowded with plants which can lead to disturbance of the soil during sampling, especially when the plants get big. This leads to invalid data, as has already been mentioned. Other factors such as poor mixing may also have played a role in many cases that had to be eliminated because of failure to satisfy the criteria. But regardless of these issues, there are inherent problems with the small chambers. We decided to discontinue their use and replace them with much larger chambers with fans for internal mixing. As shown in Table 4 , some 90% of the experiments using the large chambers passed the criteria and in most cases with r 2 > 0.95. Whether installing fans in the small chambers would have significantly reduced the percent of data that had to be eliminated, cannot be determined from the current data set.
The relationship between emissions based on the large chambers and small chambers requires some more explanation that has a bearing on the quality of the final data set, which will be discussed in the next section.
Temperature Changes
Our data show that changes of soil temperature significantly affect methane emission rates. When chambers are placed on the rice fields, the soil and air temperatures inside increase during the 12-15 min of the experiments. While we do not think that this length of time is sufficient to cause increases of methane production, we wanted to be certain that the plants were not under stress, which might cause feedbacks that could affect the transport efficiency of methane through the plants. We took measurements of inside and outside temperatures to determine the heating effect during the sampling period. This was done systematically in 1994 and occasionally in other years. There was not much difference of the temperature changes inside the small and large chambers. There were 2040 temperature measurements from small chamber plots and 306 from the large chambers. These data show that 99% of the differences in temperature inside the chambers at the end of the 15-20 min experiment, compared to outside the chambers are within 4-3 øC, for both small and large chambers and soil and air temperatures. The soil temperatures within the large chambers were most stable, with 92% of the measurements falling within 4-1 ø C, which we take to mean that no change of soil temperature is observed for the large chambers.
For small chambers 87% of the observations were within 4-1 øC for the soil temperature. The increase of air temperature was larger, with a maximum observation of 6øC. These maximum temperature changes occur over a relatively short time and are not expected to affect methane emissions during sampling. We found that temperature increases were unavoidable and occurred even when the chamber was insulated and covered with reflective foil.
We believe that the chamber causes a greenhouse effect by preventing natural convection. plant are multiplied by this factor to obtain the equivalent emissions for one plant per plot, which we determined to be the prevailing planting density of the fields. In 1991 there were only four-plant plots, so a composite correction factor from other years had to be applied. Here, and elsewhere, we use only the data corrected to the one plant per plot equivalent based on the relationships derived from our systematic experiments.
Effect of Planting Density and Data
Data Validation
We conducted experiments with large chambers to see if the small chambers can represent the emissions from the field and not just the small scale fluxes, which may not be the same as the emissions from the field as a whole (see description of chambers in section 2.2.2).
We installed small chambers inside the boundaries of the large chambers as well as outside the large chambers. If the small chambers with one plant represent the emissions from the field, then fluxes measured using small chambers should agree with the measurements from the large chambers, because the large chambers represent the planting density of the field. These experiments were designed to validate the data from all previous years or show if there are significant artifacts from the use of small chambers.
In each of fields 1, 3, and 4 we used a large chamber with three small chambers inside the large chambers and three small chambers outside. This gives us three replicates for large chambers (in different fields), with three replicates in each field of the small chambers inside and outside the large chambers for each field. The results show a close relationship between the fluxes measured by the small chambers inside the big chambers with the fluxes measured from the big chambers and also a good relationship between the small chambers placed outside the big chambers in the same fields. The quantitative relationships between the measurements from small and large chambers are calculated using the correlation coefficient, r, and the linear relationship between the measurements from the two types of chambers. The linear relationship is Flux (small chamber) --b x Flux (large chamber). If the relationship is good, "r" and "b" should be near 1. This is indeed the case, as we will show next. deal with ratios rather than differences. The following results are obtained: We believe that these composite results validate the averaged data from the small chambers during the 7-year course of the experiment, after correction for planting density. We further investigated the relationships to establish the limits of variability introduced by the small chambers on the scales of each field. The results are shown in Figure 5 . In these graphs the average flux from all small chambers in a field is shown in comparison to the results from the large chamber in the same field. At the level of each field, the relationship between fluxes from small and large chambers is not expected to be as dramatic as the composite of all fields discussed above, but we find it is still solid. As might be expected, the small chambers inside the large chambers agree best with the fluxes calculated from the large chamber. For this case, the slope is between 0.99 and 1.03 and is statistically indistinguishable from 1 at the 5% level or less. The correlation coefficients are 0.51, 0.75, and 0.82 for fields 1, 4, and 3. Except for the case of field 1, these correlations are quite high. When we compare the fluxes measured by using the small plots outside the big chambers, with the fluxes measured using the big chambers, the correlations and slopes drop (last group of points in Figure 6 ). The relatively low correlation between small and large plots for field 1 (r = 0.51) is an anomaly. An examination of the results for this case suggests that the low correlation is due to a few discrepancies in the later stages of the growing season, as can be seen in Figure 6a . If four pairs out of 41 pairs of observations are eliminated, the correlation coefficient is 0.72. The figure also shows that in field 1, the overall seasonal pattern of the emissions is well represented by the emissions calculated from the small plots when compared to the large plots.
F(N!,t) = [N!IMI '(') x F(M,t) (2) g(t) = ln[F(N•,t)/F(Nb,t)]/ln[N•/N b]
For this reason we believe that this somewhat low correlation does not affect the conclusion t_hat the small plots, with one plant per plot, taken in aggregate, fully represent the emissions from the whole rice field, and introduce a relatively small uncertainty in the flux, which we discuss next. concentrations Rasmussen, 1990, 1998 ].
Results
Final Data Set
The data from all years have certain features in common, which are also seen in other published data. The emissions of methane are small when rice is planted, being a few mg/m2/h. Table  1 ). In making this graph, we have assumed that emissions between harvest and replanting next year are zero since no actual measurements were taken except during the growing season. This assumption is based on data obtained during one of the years which showed a modest methane uptake in the fields a week or so after harvest when the field was moist but had no standing water. Our fields were used for only a single rice crop per year, sometimes preceded by (canola) oil seed but fallow following the rice crop; in most cases there would be no standing water in the fields when rice is not present. There are conditions under which fallow rice fields will produce methane. The factors controlling such emissions are complex making it difficult to estimate their effect on the global scale. It should be noted that our data here and Figure 10 do not address the matter of fallow field methane emissions.
The data shown in the summary Figure 10 are expanded to show the results for each year, in Figures 1 la-1 lg <•(t,d,y) >. In these figures, we show the average emission rates for the days on which measurements were taken, and the standard error of estimated average. The average is formed from fluxes calculated at each plot, so up to 24 individual measurements make up a single day's average. The data used have been corrected for planting density and satisfy the quality control criteria discussed earlier. The actual number of data for each average is generally less than 24, because some data are not valid as discussed earlier, and in some years, measurements were not taken at all 24 plots (see Table 2 Days Since Transplanting -1992   I  I  I  I  I  I  I  I  I  I  I  I   0  10  20  30  40  50  60  70  80  90  100  110  120  130   Days Since Transplanting -1993   I  I  I  I  I  I  I  I  I  I  I  I   0  10  20  30  40  50  60  70  80  90  100  110  120 
Annual Average Emission Rates
While the seasonal emissions, as described in previous sections, are valuable for understanding the role of rice fields in the methane cycle, the seasonally averaged emission rates are equally important, and more commonly used, in evaluating,the long term changes in atmospheric methane. In the global budget of methane, the seasonal average emission rates are used to estimate the annual emissions of methane from the rice fields.
Our data represent a very extensive investigation of the whole season emission rates and their spatial and inter-annual changes. The extrapolation of flux to the transplant date does not introduce any significant uncertainties in the integrated seasonal flux because emissions during this period are very low compared to later in the growing season, and therefore do not contribute greatly to the seasonal average. For consistency, we need a clear definition of the period of the whole season during which methane emissions occur; this we take to be between transplanting and harvest. We have taken these periods of missing data into account by using the first 2 years of data (1988 and 1989) when measurements were taken from transplanting day onward. We found that for the first month the flux can be approximated by Fox e (-0-o7s/,•y x t a,ys) where Fo is the average flux failure that resulted in a loss of data from 29 to 64 days after transplanting. The seasonal average was calculated by interpolating between the gap in the usual manner described above. To test the reliability of this calculation we constructed new data sets by taking out the data from the same number of days and during the same period (29 -64 days after transplanting) from the measurements of the other years. We then calculated the seasonally averaged emission rates as for 1990 and compared the results to the calculations based on all the data. We found that taking out the data from days 29-64 causes maximum errors of +28% and -37% for the emissions from individual plots. In most cases the errors were within q-20%. At the field level, the error introduced by the missing data was between +7% and -10%, and for the area-wide annual average emission rate, the error was only +2% to -4%. Based on these results we are confident that the calculations, at least at the field and area levels, are reliable for 1990 even though we missed a month in the middle of the growing season.
The results are shown in Figures 13a-13c as seasonally averaged emission rates from each plot, each field, and all fields (area level). We calculated the seasonally averaged flux from each plot according to the methods discussed earlier. Since there are gaps in the plot level data, and the data tend to vary from plot to plot, there is considerable variability in the seasonal estimate of fluxes from each plot. This will be discussed quantitatively later. We then calculated the average and standard error of the estimate from each plot to construct the estimated seasonally averaged emission rate from each field (righthand side approximate in (4)). The other way to estimate this average is to take the field average first and then perform the integration as in (5). The results of the two methods are very similar, with small differences arising from the differences in the interpolation in the integration. The former method provides a more straightforward estimate of variability so it is included here. The area level estimates were also calculated by the several possible processes which all give nearly the same results. What is shown in Figure   13c is the average of all plots for each year and the standard error. Here we want to document the extent of the variability and its implications for the present data set.
Variability
There are several different cycles and fluctuations embedded in the data set representing the temporal variability. The first is the systematic seasonal variability that has already been discussed in section 5.1. Another form of systematic variability is the diurnal cycle of methane emissions, to be discussed later. In addition to the seasonal and diurnal cycles there are two other forms of variability that are of considerable interest. The first is the spatial variability within and among the fields, as this establishes how precisely we can measure large scale emission rates using chambers, which then has an effect on the uncertainties in the estimated larger scale or even global emission rates. The second is the interannual variability that has a bearing on the trends of methane as well as the robustness of an annual estimate. We will discuss the spatial, diurnal, and interannual variabilities to complete the description of the data and the quantifiable uncertainties.
5.3.1. Spatial variability and coherence. We considered the spatial variability of the temporal patterns by calculating the correlation coefficients, r(pi,pj,y), between plot i and plotj during the year y, when i and j are not the same. We take these correlations to measure the coherence of the plots or how well the plots agree on seasonal patterns. Similarly, we calculate r•f•,y) for the correlation between the average emissions from fields i and j. This measure is different from the spatial variability of absolute flux. Two plots, or fields, can have highly correlated fluxes but quite different absolute emission rates. For the plot level, we limited the calculations to cases when 10 or more pairs of measurements were available through the growing season; otherwise, the correlation coefficients were unreliable and greatly affected by one or two points.
Over the years of the experiments 1113 valid correlation coefficients were generated, with 249 for plots that were within the same fields and 865 for plots that were not in the same fields. The results are summarized in Figure 14 , which shows the frequency distribution of the correlation coefficients, with data from all years pooled together. The modal value of the correlations is quite high at about 0.85. The average correlations are smaller, however, at 0.65 for plots in the same field and 0.6 for the plots across fields (among fields). The pattern shown in the figure suggests strong correlations and hence strong coherence among the patterns observed with the various plots. These correlations are driven by the different cycles in the data. Much of the correlation occurs because all plots tend to reproduce the seasonal cycle of emission with peak emission rates during the middle of the growing season. Once this cycle is taken out, the correlations among the plots are reduced and represent mostly the diurnal variability.
The year-to-year variability of coherence is shown in Figure  15 . It shows the average correlations between plots that are in the same field compared to plots across fields. The correlations for plots within the fields are somewhat higher every year than the correlations of plots across fields, but these differences are relatively small and not statistically significant. When we consider the field average fluxes, the correlations between fields are much higher than the average correlations from the plot level calculations. These are also shown in Figure 15 . 
The first is the maximum to minimum ratio of fluxes from all plots (p andJ) over which measurements were taken in a given year y, regardless of which field these plots were in. And the second is the ratio of maximum to minimum fluxes obtained for each field in each year. The variability of the field averaged emissions is expected to be much less than the plot level calculations.
The results are shown in Figure 16 for p•(y) and p:(y). There are some noteworthy features. The maximum value of the ratio p•(y) is about 3 in 1990, which may in part be due to the loss of data during that year. As we showed earlier, missing data during the middle of the growing season can lead to an approximately +30% error in the plot level seasonal average flux calculation (a ratio of nearly 2). When the field averages are used to compare the variability each year, it is below 1.5, except in 1990 when it is 1.7. The variability of emissions among the fields is therefore quite small. As mentioned earlier, we expect the variability to be larger as we go to smaller and smaller spatial scales. This is in part because the emissions from the rice fields are determined mostly by the presence of plants and localized soil conditions, making it spatially quite heterogeneous. If a large area is sampled, this small scale variability is reduced as can be seen from the observations using the large chambers. The field average emission rate is equivalent to the use of larger chambers, since it is collectively a measure of the flux over the total area covered by the many chambers. For the large-scale extrapolation of the data, the plot to plot variability is not relevant, but rather what is applicable is the composite average of as many plots as were sampled. Thi• variability of this area-wide average flux is much smaller as is shown in Figure 11 by the standard errors of the mean for each year. We conclude that sampling at a few small plots can lead to substantial errors in estimating the flux of methane from rice fields, but a composite of many small plots or large chambers is likely to represent the emissions from the rice field as a whole and can be extrapolated to larger regions. For this reason we believe that our data are best represented by "field" We also considered the possibility whether one field may have systematically produced more or less methane than the other fields. We found no statistically significant differences in the average production rates of the fields over the seven years of study. The largest differences are between field 1 and field 4, which are also farthest apart from each other. For the 7-year period the average emissions from field 1 were 29 mg/m2/h during the growing seasons, and from field 4 the average emissions were 34 mg/m2/h. The difference is about 5 + 8 mg/m2/h. The average amplitude of diurnal variation is between 10% and 20% for the whole growing season each year as shown in Figure 18 . This amounts to a seasonally averaged cycle of between 3 and 6 mg/m2/h. In 1991 no diurnal variability was observed, but we believe this is due to the lower quality of the data in that year as explained earlier. In a companion paper, we will discuss the use of the simultaneous diurnal variability of soil Because the experiments were done manually, the number of samples that could be collected during a day was limited. We obtained a composite of all years of data to look at the distribution of the samples during the day. To make the data from different years comparable, we subtracted the cycles of lengths longer than a day, leaving only the diurnal variations for the periods of our observations. Data from each plot were used for this calculation, and average emissions, from all years of data, were calculated for each hour of the day. The results showed that we had large amounts of data for 15 of the 24 hours of the day with 60 -700 data points in each hour, and 30-400 data points in each hour when split over the different periods of the growth cycle (Figure 19 ). The biggest gap was between 1100 and 1700 hours. We had expected the peak emission to be around 1800, and many data were obtained at that time. But it is possible that a peak occurred within the time when we did not take measurements (early afternoon), although the trends observed in Figure 19 do not favor this possibility. We tested the effect of this possibility on the seasonally averaged emission rates by assuming the peak occurred at about 1400. We took the peak to be 5 to 10 mg/m2/h above the average value and linearly Table 5 . These studies were done in China, Japan, India, Thailand, Indonesia, Philippines, Europe, and the United States.
For studies that are similar to ours, on four or more out of the five criteria, the median whole season methane flux from China, other than from our study, is about 20 mg/m2/h with a range of 11-36 mg/m2/h. Our data fall within this range, but on the higher side. 
